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Local Heat Transfer in a 
Rotating Two-Pass Triangular 
Duct With Smooth Walls 
Earlier heat transfer studies with orthogonal rotation were conducted mostly on ducts 
of square cross section. This paper reports a different cross section, a triangular 
duct. Unlike a square cross section, the triangular shape provides more restriction 
to the formation of the secondary flows. Moreover, the studied orientation of the 
right triangular duct avoids formation of symmetric vortex structures in the crossflow 
plane. This paper presents turbulent heat transfer characteristics of a two-pass 
smooth-walled triangular duct. One pass is for radial outward flow and the other 
for radial inward flow. With rotation the radial outward and inward flow directions 
show different surface heat transfer characteristics. Like a square duct, differences 
between the trailing and the leading Nusselt number ratios for the triangular duct 
increase with rotation number. However, the rate of change of Nusselt number ratios 
with rotation number varies for the two duct geometries. Standard k- e model predic-
tions for a radial outward flow situation show that the Nusselt number ratio variations 
with Reynolds number are not drastic for the same rotation number. 
Introduction 
With the increase of operating costs and sensitivity to envi-
ronmental pollution, there is a growing need to increase the 
thermal efficiency of turbines. One way to improve thermal 
efficiency in turbines is to increase the inlet gas temperature. 
Hence, turbine blades with higher thermal load handling capa-
bilities are in demand. No suitable material is presently available 
that can withstand the high level of mechanical stress in a hot 
operating environment of turbines. Therefore, standard metal 
blades with special cooling techniques are used. Sophisticated 
external and internal cooling techniques for turbine blades are 
needed to sustain the mechanical strength of the blades. 
A two-pass rotating channel simulates the conditions of inter-
nal serpentine cooling passages of turbine blades. Earlier studies 
on cooling passages were primarily based on stationary models, 
which are easier to build and work on. Unlike a stationary-duct 
flow situation, rotation incorporates Coriolis and centrifugal 
buoyancy effects in the flow with an asymmetric distribution 
of velocity and turbulence. Heat transfer performance of the 
trailing side is superior to that of the leading side in radially 
outward rotating flow. The radially inward flow performs the 
opposite way. To understand and improve internal cooling tech-
niques, it is necessary to investigate the heat transfer characteris-
tics in a rotating frame. 
There have been relatively fewer experimental studies in ro-
tating channels than in stationary ducts with similar geometrical 
features. Han et al. (1994) covered the important published 
literature on turbulent heat transfer in ducts rotating perpendicu-
lar to its own axis. Most of the work has been on circular tubes 
and square or rectangular channels with radial outward flow 
(Mori et al., 1971; Guidez, 1989; Morris and Ghavami-Nasr, 
1991). More complicated test cases were reported after the 
initial investigation. Taslim et al. (1991a, b) investigated heat 
transfer in a rotating square duct with opposite rib roughened 
walls. In a series of publications Wagner et al. (1991a, b, 1992) 
and Johnson et al. (1994) systematically explored the rotational 
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effects on heat transfer in a serpentine square passage with and 
without ribs at uniform wall temperature condition. Yang et al. 
(1992) reported the effect of rotation on heat transfer in a 
serpentine square channel at constant wall heat flux condition. 
Han and co-workers studied the smooth and ribbed rotating two-
pass square duct with different wall heating conditions (Han et 
al., 1993, 1994; Zhang et al , 1995; Parsons et al , 1994). 
Besides the effects of surface roughness, effects of geometric 
features of rotating channels are also important. The curved 
shape of the turbine blade may prohibit the efficient use of 
square or circular cross-sectional coolant flow channels. Soong 
et al. (1991) listed experiments conducted in different duct 
types at different Reynolds numbers and rotation numbers. 
Based on their survey, the most popular channel geometry was 
circular followed by square, triangular, and rectangular. Earlier 
published experimental heat transfer results from a rotating tri-
angular duct reported the total heat transfer characteristics (see 
Harasgama and Morris, 1988; Clifford et al., 1984). No infor-
mation on heat transfer patterns from the individual surfaces 
were given. 
This paper presents experimental and numerical results for an 
orthogonally rotating two-pass triangular duct. The experiment 
provides the turbulent heat transfer distribution of individual 
surfaces. Different wall heating conditions (constant wall tem-
perature, constant wall heat flux, and engine condition) are 
imposed as boundary conditions to vary the centrifugal buoy-
ancy levels. Numerical work is also carried out on a triangular 
duct with radial outflow and constant temperature walls. The 
predictions are based on the standard k- e model. The numerical 
work is included to give insight to the three-dimensional turbu-
lent flow and more detailed heat transfer patterns, which are 
difficult to achieve experimentally. 
Unlike a square cross section, the triangular shape provides 
more restriction to the formation of the secondary flows. The 
right triangular duct used in our experiment avoids symmetric 
vortex formation and reduces the heat transfer disparities be-
tween the leading and trailing surfaces. The detailed heat trans-
fer patterns given here will help strategic alignment of the right 
triangular duct in a turbine blade. The results obtained for sev-
eral rotation numbers (Ro = 0.22, 0.11, 0.055, and 0.0275) 
and different wall heating conditions in combination provide a 
helpful guidance to the designers. 
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Fig. 1 Schematic of the rotating rig (from Han et al., 1993) 
S u m m a r y of Exper imenta l Details 
A brief description of the experimental setup, discussion on 
wall heating conditions, and data reduction procedure are in-
cluded in this section. The experimental rig used by Han et al. 
(1993, 1994) for a rotating square duct is used here. Detailed 
illustrated descriptions were included in those two papers, so 
only a brief description is given here. 
Experimental Facility. Regulated compressed air is used 
as the working fluid. An orifice meter measures the mean flow 
rate passing through the test section, which rotates in a hori-
zontal plane as shown in Fig. 1. There are two sets of slip ring 
units. One is interfaced to a personal computer and maintains 
the connection between thermocouples and the data logger. The 
other connects power transformers to the heater modules built 
in the test section. The rotation speed is measured by a digital 
photo tachometer. 
Schematics of the top and open views of the two-pass triangu-
lar duct are shown in Fig. 2. The short and medium sides of 
the triangular passage are 12.7 mm and 25.4 mm, respectively, 


















Open view of the two-pass triangular duct 
Fig. 2 Illustrative diagram of the two-pass triangular duct 
into small isolated rectangular copper pieces to minimize wall 
conduction effect. Each copper piece is 25.4 mm long and is 
separated by 1.5 mm on all sides from the neighboring pieces. 
The group of copper elements, laid on one side, share the same 
input power but are equipped with individual thermocouples to 
provide local heat transfer coefficients. The two triangular pas-
ses are thermally isolated by teflon. The heated test section is 
preceded by an unheated starting duct, which has the same 
triangular shape of the test section and is made of teflon. 
The hydraulic diameter of the triangular test section is 10.2 
mm. The test section length to hydraulic diameter ratio is 30, 
while each pass is 15 hydraulic diameters long connected by a 
sharp 180 deg turn. The mean rotating arm length is 37.5 hy-
draulic diameters. Four Reynolds numbers (2500,5000,10,000, 
and 20,000) based on the hydraulic diameter of the channel are 
used for this experiment. The duct rotates at 800 rpm, resulting 
in four rotation numbers (0.22, 0.11, 0.055, 0.0275). 
Nomenclature 
Cp = specific heat of air 
D = hydraulic diameter of the triangu-
lar or square duct 
DR = coolant to wall density ratio = 
(Pbi ~ Pw)lpbi = (Tw - Tbi)ITw 
g = centrifugal acceleration 
h = heat transfer coefficient 
Nu = Nusselt number = hDlk 
Nu0 = Nusselt number in fully developed 
turbulent pipe flow 
q'^i = net heat flux at wall 
q" = heat flux at wall 
R = mean rotating radius of the heated 
test section 
Re = Reynolds number = pw0D/p, 
Ro = Rotation number = QD/w0 
T = local fluid temperature 
Tb = bulk mean temperature 
Tw = local wall temperature 
w = axial velocity (in the z direction) 
w0 = average axial flow velocity through 
the triangular or square duct 
Zo = distance measured along the duct 
axis from the start of heating 
P = volume expansion coefficient 
/x = viscosity of air 
p = density of air 
po = density of air at atmospheric pres-
sure 
ft = rotational speed of the two-pass 
channel 
Subscripts 
b = bulk mean values 
i = inlet values 
w = wall values 
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Wall Heating Conditions. The wall heating conditions are 
listed in Table 1. The wall temperature profiles in Case A are 
uniform. The energy input to the heaters are adjusted so that at 
any cross section of the duct the surrounding walls are within 
3°C of each other. Case B is similar to the uniform heat flux 
condition. The surfaces in Case B with higher Nusselt numbers 
are kept at a lower temperature than the sides with lower Nusselt 
numbers. The leading and trailing wall temperatures of Case B 
are reversed for Case C. 
Data Reduction. The local heat transfer coefficient is cal-
culated from the local heat flux, the local wall temperature, and 
the local bulk mean air temperature difference as 
h = q'Lt (1) 
T„ - T„ 
Local net heat flux (g„et) is obtained by subtracting heat loss 
for the power supplied to the heaters. Heat loss is estimated by 
running a separate test on the same test configuration but with-
out air flow (no-flow condition) in the duct. Characteristic heat 
loss lines are obtained for each of the isolated rectangular copper 
pieces. The inlet and outlet openings for the rotating test section 
are located at more than 120 hydraulic diameters distance. This 
no-flow heat loss determination method was tested to be satis-
factory on a similar rotating test rig. The local wall temperature 
(Tw) is obtained from the thermocouple reading of that heater 
section. A linear interpolation between measured inlet (one ther-
mocouple) and outlet (two thermocouples) bulk temperatures 
is used for the local bulk temperature (Tb). The inlet tempera-
ture is observed to be higher than the ambient (9 to 16°C above 
ambient). Inlet temperature is higher for lower Reynolds num-
ber flow. This increase in inlet temperature is due to the transfer 
of heat by conduction to the unheated starting teflon duct of the 
test section and the exchange of heat with the outgoing heated 
air (17 to 31°C above ambient) from the second pass through 
the 13-mm-thick teflon divider wall. The calculated and mea-
sured outlet bulk mean temperatures are within 3°C and show 
satisfactory heat balance in the measurements. 
To reduce the influence of flow Reynolds number on the heat 
transfer coefficient, the local Nusselt number is normalized by 
the Nusselt number for fully developed turbulent flow in smooth 
stationary pipe, correlated by Dittus-Boelter/McAdams (Roh-
senow and Choi, 1961) as 
Nu hD 1 
Nu0 kdk (0.023 Re
0'8 Pr04) 
The Prandtl number, Pr, for air is taken to be 0.72. The value 
of thermal conductivity of air, fcair, is taken at the average of 
the inlet and outlet bulk mean air temperatures. 
Table 1 Coolant-to-wall density ratios (DR) applied to walls for different 
wall heating conditions 
Density Ratio (Tw) Case A Case B CaseC 






























Direction of rotation 
Fig. 3 Typical grid distribution for the triangular duct 
Uncertainty. The uncertainty of the local heat transfer co-
efficient depends on the uncertainties in the local wall and bulk 
air temperature difference and the net heat input for each test 
section. This uncertainty increases with decreasing both the 
local wall to air temperature difference and the net heat flux. 
Based on the method described by Kline and McClintock 
(1953), the typical uncertainty in the Nusselt number is esti-
mated to be less than 7 percent for Reynolds numbers larger 
than 5000. The maximum uncertainty, however, could be up to 
20 percent for the lower heat transfer coefficient at the lowest 
Reynolds number tested (Re = 2500). 
Summary of Numerical Details 
A standard k- e model of a commercial finite element analysis 
package, FIDAP (Version 6.01), is used for predictions. Galer-
kin formulation for the method of weighted residuals is used. 
The pressure and velocity interlinkage has been solved by the 
penalty function approach. The x, y, and z coordinates are 
shown in Fig. 3. 
Governing Equations. The equations are based on a rotat-
ing coordinate system. The continuity equation is 
| - (pu) + -f (pv) + ~ {pw) = 0 (3) 
ox ay oz 
The momentum equations are 
9 , s d , x d , — (puu) + — (puv) + — (puw) 
ox dy oz 
dp „ n d / d \ d f 8 \ 
ox ox \ ox ) ay \ ay ) 
d , s d , , d , , dp d ( d \ 
- ( p u v ) + - { p v v ) + - ( p v w ) = - - + -^e-v) 
+ — [ u,e~v) + — (fj.e^-v\ + S" (5) 
dy \ dy I 8z\ dz ' 
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9 I d \ d ( d 
+ 2pnU + ¥X{
fi<FX
W)+dy-{fl°dy~W 
+ -\pe-w)+S"-ppg(T-T1) (6) 
The effective viscosity, pe, is modeled to account for both lami-
nar and turbulent viscosities as 
pe = p + p,\ p, = pC,, '• 
The temperature, T, transport equation is 
(7) 
p\ d 
Pr A dx 
+ ±((JL)±T)+1( IL)1T]+Sr ( 8 ) 
dy \\Vv)edy ) dz\\PrJedz ' 
where 5Tincludes the heat source and viscous dissipation terms. 
The effective diffusivity, (p/Pr)e, is given as 
Pr Pr, 
(9) 
The k and e transport equations are 
9 , „ 9 , , x 3 , , , — (puk) + — (pvlc) + — (pwfc) 
ca ay cte 
dx \ak dx J dy \at dy 
d (p, d 
dz \(Tk dz 
— (pue) + — (pue) + — (pwe) 
dx dy dz 
= ^(pLd_\+d_fpi9_\+d_(p1d_e 
dx \ae dx J dy \ot dy ) dz \<re dz 
+ C1(P + (l-C3)P0)l-C2pj ( I D 
The production term, P, is given as 
v2 / o . \ 2 / a . . . \ 2 












The constants used above have the following values: Pr = 0.72, 
Pr, = 0.9, ak = 1.0, ae = 1.3, C„ = 0.09, d = 1.44, C2 = 1.92, 
and C3 = 0.8. The buoyancy-related turbulence production term 





The near-wall velocity and temperature are calculated from 
the universal logarithmic profiles. The k and e equations are not 
solved in the near wall layer and in this region the Van Driest 
mixing length approach is adopted to model the turbulent vis-
cosity. Detailed wall function treatments are available in the 
manuals of FIDAP. Initial calculation of wall heat flux as q" = 
kaiI(dT/dy)mn caused severe underprediction of Nusselt number 
from all three surfaces of the duct. Therefore, postprocessing 
of wall heat flux is done based on the effective wall diffusivity 
as 
q" = 




where Pfn is defined as (Jayatilleke, 1969) 
Pfn = 9.24((Pr/Pr,)
0'75 - 1) 
X [1 + 0.28 exp(-0.007 Pr/Pr,)] (15) 
The normalized distance from the wall, y+, is computed as 
Py ,-0.25 £0.5 
P " 
(16) 
Note that since the temperature gradient is calculated at the 
wall, a near-wall location is needed for proper evaluation of 
y +. In this work, the Reynolds number has been varied by 
changing the density of air. The temperature gradient at the 
wall includes the effects of density variations and, therefore y 
is calculated as y = (pQ/p)yp, to keep the near-wall diffusivity 
independent of density effects. yp is the average distance of the 
near wall node from the wall. 
Nusselt number calculations are performed as 
Nu = 
q"D 
(Tw - Tb)ka 
(17) 
where q" is the average heat flux in the related surface at the 
desired radial location and £air is the thermal conductivity of 
air. The bulk temperature, Tb, is calculated by the usual mass-
average technique. 
Features Added to the Standard k-e Model. The stan-
dard k- e model is expanded to include the rotational effects as 
shown in Eqs. (3) to (16). The one-pass rotating duct is mod-
eled in a coordinate frame that rotates with the duct. The key 
features added to the standard three-dimensional k-e model 
• Coriolis effects in axial momentum and crossflow momen-
tum equations, 
• the centrifugal buoyancy effect, by assigning a gravitational 
acceleration of Q2R, and 
• generation of turbulent kinetic energy from buoyancy effect. 
Computation Domain and Boundary Conditions. The 
triangular duct cross section is discussed in an earlier section 
of this paper. Unlike the experimental setup, the duct modeled 
is one-pass with radially outward flow at Re = 5000 and Ro = 
0.11. The duct modeled is 50 hydraulic diameters long. The 
results presented are for 30 to 45 hydraulic diameters corre-
sponding to a mean rotating radius of 37.5 hydraulic diameters. 
Uniform axial velocity and zero cross-stream velocities are as-
signed at the inlet. The k and e at the inlet are given as k = 0.2 
percent of wl and e = C^k^lD. Due to an unheated starting 
length of 30 hydraulic diameters, the predictions are sufficiently 
independent of the inlet conditions. The three walls are main-
tained at DR = 0.12 (similar to Case A of the experiment) 
from 30 hydraulic diameters. Standard outflow conditions are 
given at the outlet. 
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Grid Independence and Convergence Criteria. Three 
grid densities with 450, 750, and 1700 nodal points are tested 
for grid independence. The axial velocities predicted by the 
three grid densities are within 8 percent of each other. Figure 
3 shows a typical grid distribution. Three-dimensional brick 
elements with eight nodes are used. The results presented are 
with the densest grid distribution (1700 nodal points). The y + 
(normalized distance from the wall) values obtained are greater 
than 30 and less than 100 except for the corner region of the 
triangular duct, which signifies that most of the computational 
domain is in the turbulent flow regime. With rotational terms 
included in the momentum equations, the standard convergence 
criterion of mass residue fail to work with FIDAP (see manual 
of FIDAP, Version 6.01). This is related to the way the program 
handles pressure at the exit plane. Hence, spot values are moni-
tored and less than 0.5 percent variation is observed for the flow 
related quantities at the region of interest (30 to 45 hydraulic 
diameters) in the last 10 iterations. Note that the finite element 
procedure takes fewer iterations to converge than required for 
the finite difference method. Therefore, almost no change in 
solution in the last ten iterations for a finite element formulation 
can be considered as a convergence criterion. 
Results and Discussion 
The experimental results on heat transfer are discussed first 
followed by the numerical predictions. 
Experimental Results. Figure 4 presents the local Nusselt 
number ratios for rotation numbers of 0.22 and 0.0275 for Case 
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Fig. 4 Surface-averaged local Nusselt numbers at different locations of 
the triangular duct for Case A 
because of the asymmetric shape of the triangular duct the 
three surfaces show different Nusselt numbers. In this figure 
the rotational heat transfer data are compared with the stationary 
duct results. For the first pass, at higher rotation number (Ro 
= 0.22) the Nusselt number ratio increases for the trailing side 
and decreases for the other two sides with rotation. The increase 
or decrease in Nusselt number is related to the changes in the 
axial velocity and turbulence distribution in the duct. The sec-
ondary velocities caused by rotation are of the order of one 
tenth of the mainstream velocity and have less direct effect 
(by convection) on heat transfer. The indirect effects of the 
secondary flow come through the asymmetric distribution of 
the axial velocity. With rotation, the core flow shifts toward the 
trailing side and away from the leading and side walls. Higher 
axial velocity near the trailing side increases heat transfer from 
this surface. 
In the second pass, due to radially inward flow, the core flow 
region shifts near the leading side. Thus the Nusselt number 
ratio for the leading side increases with rotation in the second 
pass and the other two surfaces show a decrease with rotation, 
as shown in Fig. 4. As expected, for a lower rotation number 
(Ro = 0.0275) the changes in Nusselt number ratios for the 
side walls and the first pass trailing and the second pass leading 
are much smaller than for the higher rotation number (Ro = 
0.22). But the decrease in Nusselt number for the first pass 
leading and the second pass trailing are distinctly noticeable 
and are believed to be caused by the stabilization of the bound-
ary layer with rotation (see Johnston et al., 1972). 
Downstream of the sharp 180 deg turn, both stationary and 
rotating conditions show a sharp rise in Nusselt number (see 
Fig. 4) . The alignment of the two-pass triangular duct (Fig. 2) 
is such that the wide side of the first pass triangular passage 
meets the narrow end of the second pass and the narrow end 
of the first pass expands to join the wide end of the second 
pass. Moreover, the turn direction is not perpendicular to the 
plane of rotation. Therefore, the secondary flows developed in 
the turn are in favorable direction to the secondary flows caused 
by rotation. The sudden change in duct geometry and favorable 
secondary flow developed in the turn together enhance the heat 
transfer at downstream locations of the bend. This enhancement 
of heat transfer decays rapidly as the flow develops through the 
second pass, as shown in Fig. 4. 
Figure 5 shows the Nusselt number ratios for Case B at 
similar rotating flow conditions of Case A (Figure 4) . Case A 
Nusselt number ratios with rotation are plotted for comparison 
with rotational data of Case B. The Coriolis effect, which is 
proportional to the rotation number, is of the same order for 
the two cases, Case A and Case B. But the centrifugal buoyancy 
effects are stronger in Case B. Stronger centrifugal buoyancy 
shifts the core flow to the corner of the trailing edge and side 
wall in the first pass (see predictions of Prakash and Zerkle, 
1992, with higher density ratio). This shift in the core flow 
increases Nusselt numbers from the side wall and the trailing 
surface and decreases Nusselt number for leading surface at 
higher rotation number (Ro = 0.22) in Case B for radially 
outward flow condition of the first pass. In the second pass, the 
differences between Case A and Case B in leading and trailing 
surface heat transfer characteristics are opposite to the trend 
observed in the first-pass results. At lower rotation number (Ro 
= 0.0275) the changes in Nusselt numbers with heating condi-
tions are insignificant. 
Figure 6 illustrates the effect of rotation number at selected 
locations of the triangular duct for all three heating conditions. 
The square duct results for Case A from Han et al. (1993) at 
available nearby locations are included for comparison. Note 
that the lines are used as a visual aid to illustrate the experimen-
tal data and not to interpolate. It is observed that wall heating 
conditions (centrifugal buoyancy effect) can significantly alter 
the Nusselt number ratios. For the locations in the first pass 
(zo/D = 6.25 and 11.25), the triangular duct Nusselt number 
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Fig. 5 Surface-averaged local Nusselt numbers at different locations of 
the triangular duct for Cases A and B 
ratios for Case A are mostly contained within the limits imposed 
by the square duct. This is because in a triangular duct, there 
is less space for the fluid to form secondary flow. In the second 
pass, at Zo/D = 17.5 the leading side of triangular duct shows 
very high Nusselt number ratio compared to the square duct. 
An increase of up to 120 percent over the square duct results 
is noted at the second pass leading surface. This is due to more 
intense mixing and a favorable secondary flow in the 180 deg 
bend for the triangular duct configuration. Note that the bend 
for the square duct of Han et al. (1993) was in a plane perpen-
dicular to the plane of rotation. Thus the secondary flow induced 
by the turn must have negated the rotational secondary flow. 
This reduction in secondary flow in the square duct brought the 
leading and trailing side Nusselt number ratios closer to each 
other downstream of the turn (entrance region of the second 
pass). 
The Nusselt number ratio for other two heating conditions 
(Case B and Case C) are also shown in Fig. 6. The Nu/Nu0 
difference between the leading and trailing sides for Case B is 
slightly greater than Case A for the triangular duct. For a square 
duct, Han et al. (1993) observed the difference in Nusselt num-
ber ratio between the leading and trailing sides reduce for Case 
B than Case A. The reverse trend observed for the triangular 
duct may be due to the differences caused by the geometries 
of the ducts. Figure 6 shows that the Nusselt number ratio for 
Case C is least among the group for first-pass and second-pass 
leading surfaces. 
Numerical Predictions. ' 'The numerical predictions match 
well with the experimental data," has become a cliche in the 
technical papers, where authors try to establish the validity of 
their predictions. Duplication of exact data is pertinent to the 
studies that compare the model performances. For this work, 
only the standard k- e model is included. Therefore, instead of 
repeating the experimental data by predictions for all the flow 
situations, the simplest flow condition has been selected. Be-
sides the average heat transfer, other flow-related parameters 
and detailed distribution of Nusselt numbers are predicted to 
give more insight to the problem at hand. The flow with outward 
flow at rotation number Ro = 0.11 and Re = 5000 is selected 
for this numerical discussion. A higher rotation number signifies 
lower Reynolds number for the corresponding experimental 
data. Lower Reynolds number flows are difficult to predict with 
the standard k-e model (high Reynolds number model). On 
the other hand, a lower rotation number with higher Reynolds 
number shows fewer effects of rotation. As mentioned earlier, 
the duct modeled is one pass with radial outward flow, which 
is similar to the first pass of the experiment. The walls are 
maintained at uniform temperatures like Case A. 
Figure 7 compares the secondary flow vortex structure of the 
square duct with the triangular duct. Unlike the square duct, 
the triangular duct provides restricted flow area for the fluid to 
establish a secondary flow near the narrow corner. Therefore 
the triangular duct has one dominant circulation cell and one 
smaller cell compared to two symmetric vortex structures pres-
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Fig. 6 Effect of rotation number on Nusselt number ratio at selected 
locations of the duct and comparison with the square duct results 
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Side wall 
(a) Square duct (from Dutta et al., 1994) 
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Fig. 7 Vector plots of the secondary flow predicted by standard k-e 
model 
ent in the square duct (Dutta et al., 1994). However, the domi-
nant vortex of the triangular duct is stronger than the vortex 
formed in a square duct. This is because unlike a square duct, 
in the triangular duct bulk of the flow is in the wider portion 
(toward side wall AB). Therefore, the source of the secondary 
flow momentum (2Q,w) is stronger in the wider half of the 
triangular cross section than a square shape, where the w veloc-
ity is more uniformly distributed in the crossflow plane. 
Figure 8 shows the contour plots for turbulent kinetic energy 
and mainstream velocity at zJD = 8. It is of interest to note 
that, though the axial velocities at the corners are less, the 
turbulence levels are higher near the corners than the core flow. 
The highest turbulence is observed near corner B of the triangu-
lar duct (junction of side and trailing walls). The peak axial 
velocity is nearer the trailing edge (BC) and farther from the 
side wall (AB) and the leading wall (AC). This explains the 
drop in Nusselt number for side and leading walls and the 
increases for trailing wall in the first pass (see Fig. 4) with 
rotation. 
The prediction and experimental data of local surface aver-
aged Nusselt number are shown in Fig. 9. Predictions for Re 
= 5000 and Ro = 0.11 compare satisfactorily with the experi-
mental data. Predictions at two Reynolds numbers other than 
A vr 
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Fig. 9 Prediction of surface-averaged local Nusselt number ratios at 
R0 = 0.11 
Re = 5000 are included in Fig. 9 for comparison. The Reynolds 
numbers of 25,000 and 50,000 are obtained by varying the 
density of the air. Hence, the average axial velocity and the 
rotation number remain the same for all three flow situations. 
Comparison of Nusselt number ratio (Fig. 9) shows that the 
effect of Reynolds number is not significant on the heat transfer 
patterns at Ro = 0.11 and DR = 0.12. Therefore, the experimen-
tal data obtained at atmospheric condition may infer the results 
for pressurized test condition at similar rotation numbers. 
Figure 10 shows the isotherms in the fluid at the cross section 
of ZQID = 8. The local distribution of Nusselt number for the 
three enclosure surfaces are also included. It is to be remem-
bered that the Nusselt number results predicted here are for 
uniform wall temperature condition and therefore wall conduc-
tion effects are absent. The isotherms are similar to the axial 
velocity contour plot (Fig. 8(a)) . Higher temperature correlates 
with lower axial velocity. The profile of local Nusselt number 
ratios for the three surfaces at zJD = 8 is also plotted in Fig. 
10. All three corners show a reduction in Nusselt numbers. The 
peaks in Nusselt numbers on trailing and side walls correspond 
to the locations with higher turbulence (see Fig. 8(b)) . 
Figure 11 shows the contour plot of the Nusselt number ratios 
for the three surfaces of the triangular duct. The local Nusselt 
number predictions of the side wall do not show significant 
change along the duct. But the local Nusselt numbers increase 
in leading and trailing walls with zJD. In a stationary duct, 
the local Nusselt numbers will decrease gradually to a fully 
developed value as the thermal boundary layer thickens and 
reaches a stable profile. But in rotation, the centrifugal buoyancy 
redistributes the velocity and related quantities in the heated 
section of the duct and results are different from a stationary 
configuration. In a square duct, the centrifugal buoyancy tends 
to increase the Nusselt number at the trailing wall and decrease 
the Nusselt number in the leading wall with z0ID (Dutta et al., 
1994), whereas in a triangular duct both the leading and trailing 
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surfaces show an increase in Nusselt number ratio with zJD. 
This is because, in the triangular duct, the fluid of the wider 
half is cooler than the fluid of the other half. The rotational 
buoyancy accelerates the cooler heavy fluid and the flow con-
centrates near the centroid of the triangle rather than toward the 
trailing edge, as is the case for a square duct. This increase in 
velocity near the middle of the triangular cross section helps to 
increase the Nusselt number ratio from both the leading and 
trailing sides of the triangular duct. 
Conclusions 
The following inferences are made from this experimental 
and numerical study. The sequence of highlighted observations 
presented is based on the sequence of discussion in this paper 
and does not conform to the hierarchy of importance. The square 
duct referred to in this section is the duct used by Han et al. 
(1993). 
Conclusions Based on Experimental Data 
• Nusselt number increases with rotation at the trailing side 
and reduces at the leading side. However, the Nusselt number 
difference between the trailing and leading sides in the triangu-
lar duct is smaller than that in the square duct in radially outward 
flow. 
• For radially inward flow the changes in the Nusselt num-
ber at trailing and leading surfaces are reversed. The difference 
between the trailing and leading sides is greater than the square 
duct. This is because significant enhancement of Nusselt number 
ratio at the leading side occurs at immediate downstream loca-
tions of the 180 deg bend irrespective of the flow and heating 
conditions. The stationary duct results indicate that the 180 deg 
bend influences the downstream heat transfer results up to eight 
hydraulic diameters and beyond. 
• The differences between the leading and trailing side Nus-
selt number ratios increase with the rotation number for both 
passes of the triangular duct, while the differences increase with 
rotation number only in the first pass for the square duct. 
• Uniform wall heat flux (Case B) increases the differences 
between the local Nusselt number ratios of the trailing and 
leading walls over the differences observed for uniform wall 
temperature (Case A) at the same Reynolds numbers. However, 
Side wall 
Nu/Nu, 
o -* ro î  * v\ 
J i I I I 
Leading wall 
— 0 . 9 7 - Z - ' - 0 9 - > 
Trailing wall 
Re=5000, Ro=0.11, DR=0.12. 
IS 
Fig. 10 Prediction of (T -
ber ratios 
Ti)/(TW - Ti) contours and local Nusselt num-
Fig. 11 Contour plots of predicted local Nusselt number ratios for three 
surfaces of the triangular duct 
the effect of heating condition, that is the changes in the local 
Nusselt number ratios of the trailing and leading walls with the 
two heating conditions (Cases A and B), in the triangular duct 
is relatively smaller than in the square duct. 
Conclusions Based on Standard k- e Predictions. 
• The triangular duct has one dominant vortex structure at 
the broad section and one smaller vortex at the narrow comer 
in the cross flow plane. However, the square duct has two 
symmetric counterrotating vortices. 
• Predictions with standard k- e model compare reasonably 
well with the experimental data. Effect of Reynolds number 
(with variation of density) on Nusselt number ratio is not appre-
ciably large. 
• The differences in Nusselt numbers between the trailing 
and leading surfaces are mainly due to the asymmetric distribu-
tion of the axial velocity. 
• The Nusselt numbers at the three corners are less than 
the Nusselt numbers at the remaining areas. There are peaks 
in Nusselt number profiles associated with high turbulence in 
corresponding locations. 
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